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(54) INK JET RECORDING HEAD DRIVING METHOD AND INK JET RECORDING DEVICE 



(57) A method of driving an inkjet recording head de- 
signed to eject an ink droplet (67) via an ink nozzle (62) 
communicated to a pressure chamber filled with ink by 
generating a pressure wave in the pressure chamber by 
applying a driving voltage to a piezoelectric actuator of 
the inkjet recording head. The driving voltage waveform 
has a voltage rise portion (11) for contracting a volume 
of the pressure chamber (61 ) and a voltage fall portion 



(1 2) for expanding the volume of the pressure chamber. 
A rise time t1 of the voltage rise portion (11) and a volt- 
age fall time t2 of the voltage fall portion 1 2 are set small- 
er than an inherent vibration period Ta of the piezoelec- 
tric actuator. An ink droplet having a smaller diameter 
can be produced, thereby improving the printing preci- 
sion. 
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Description 
TECHNICAL FIELD 

[0001] The present invention relates to a method of 
driving an inkjet recording head and an inkjet recording 
apparatus, and specifically, to a driving technique for 
driving an inkjet recording head for the recording of char- 
acters and images by the ejection of minute ink droplets 
from an ink nozzle in an inkjet recording apparatus. 

BACKGROUND ART 

[0002] As a conventional inkjet recording system, a 
drop-on-demand type inkjet system is known whereby 
an electro-mechanical transducer such as a piezoelec- 
tric actuator is used to cause a pressure wave (acoustic 
wave) to be generated in a pressure chamber filled with 
a liquid ink, so thatthe pressure wave ejects an ink drop- 
let from a nozzle coupled with the pressure chamber. 
Such inkjet recording method using the drop-on-de- 
mand type inkjet system is disclosed in Japanese Patent 
Publication No. Sho. 53-12138, for example. An exam- 
ple of the structure of the Inkjet recording head of this 
type is shown in Fig. 22. 

[0003] Referring to Fig. 22, a pressure chamber 61 is 
connected with a nozzle 62 for the ejection of ink and 
an ink supply path 64 for guiding inkf rom an ink reservoir 
(not shown) through a common ink chamber 63. A vi- 
brating plate 65 is mounted on the bottom surface of the 
pressure chamber. 

[0004] When an ink droplet is to be ejected, a piezo- 
electric actuator 66 mounted outside the pressure 
chamber 61 operates to displace the vibrating plate 65, 
whereby the volume within the pressure chamber 61 is 
changed and thus a pressure wave is generated therein. 
This pressure wave causes a part of the ink filled in the 
pressure chamber 61 to be ejected through the nozzle 
62 as a flying ink droplet 67. The flying ink droplet lands 
on a recording medium such as a recording paper and 
forms a recorded dot thereon. Such formation of record- 
ed dots are repeated on the basis of image data, thereby 
recording characters or images on the recording paper. 
[0005] In order to achieve a high image quality in this 
type of inkjet recording head, it is necessary to minimize 
the diameter of the ejected ink droplet (droplet diame- 
ter). Specifically, in order to obtain a smooth image with 
little graininess, the recording dot (pixel) formed on the 
recording paper must be made as small as possible. For 
this reason, the diameter of the ink droplet ejected must 
be minimized in size. Generally, the graininess of the 
image decreases greatly as the dot diameter becomes 
40jim or less. As the dot diameter becomes 30^m or 
less, it becomes so difficult to visually recognize the in- 
dividual dots even in the highlight portion of the image 
that the image quality improves greatly. 
[0006] The relationship between the ink droplet diam- 
eter and the dot diameter depends on the rate of flight 



of the ink droplet (droplet velocity), physical properties 
of the ink (viscosity, surface tension), the type of the re- 
cording paper, and so on. Normally, the dot diameter is 
about twice the size of the ink droplet diameter. Accord- 
5 ingly, in order to obtain a dot diameter of 30jim or less, 
the ink droplet diameter must be set at 15u. m or less. 
In the present description, the diameter of the ink droplet 
(droplet diameter) refers to the diameter of a spherical 
droplet substituting the total amount of ink (including the 
10 satellites) ejected in a single act of ejection. 

[0007] The most effective way of minimizing the ink 
droplet diameter is to reduce the nozzle diameter. Prac- 
tically, however, the nozzle diameter cannot be reduced 
to less than about 25ji m, given technical difficulties in 
15 the manufacture and the fact that as the nozzle diameter 
is reduced, the nozzle tends to be clogged. Accordingly, 
it is impossible to obtain an ink diameter on the order of 
1 5n.m solely by decreasing the nozzle diameter. To solve 
this problem, it is known to reduce the droplet diameter 
20 of the ejected ink droplet by way of the driving method 
employed, and some effective methods are proposed. 
[0008] As one such example, Japanese Patent Laid- 
open Publication No. Sho. 55-17589 discloses a menis- 
cus control technique whereby the pressure chamber is 
25 once expanded immediately before ejection, and then 
an ink droplet is ejected when the ink meniscus at the 
nozzle opening is drawn towards the pressure chamber. 
Fig. 23 shows an example of the driving waveform for 
driving the piezoelectric actuator using this technique. 
30 In the present description, the relationship between the 
driving voltage and the piezoelectric actuator operation 
is such that as the driving voltage increases, the volume 
of the pressure chamber decreases and, conversely, as 
the driving voltage decreases, the volume of the pres- 
35 sure chamber increases. Generally, the polarities are of- 
ten reversed depending on the structure of the piezoe- 
lectric actuator and the direction of polarization of the 
piezoelectric element. 

[0009] Referring to the driving waveform shown in Fig. 
40 23, a voltage fall 71 from V1 to zero volt expands the 

volume of the pressure chamber. A subsequent voltage 

rise 71 from zero volt to V2 compresses the volume of 

the pressure chamber to thereby eject an ink droplet. 

The interval of each of the fall time t1 and rise time t2 is 
45 generally on the order of 2-10jlis, which is longer than 

an inherent period Ta of the conventional piezoelectric 

actuator. 

[0010] Figs. 25(a) to (d) illustrate the movement of the 
ink meniscus at the nozzle opening portion upon appli- 

50 cation of the driving waveform of Fig. 23. The ink me- 
niscus has a flat upper portion during the initial state 
(Fig. 25(a)). As the pressure chamber is expanded im- 
mediately before the ejection, the top portion of the ink 
meniscus assumes a concave shape, as shown in Fig. 

55 25(b). As the pressure chamber is compressed by volt- 
age rise 71 when there is such a concave ink meniscus, 
a thin liquid column 83 is formed in the center of the ink 
meniscus as shown in Fig. 25(c). This is followed by the 
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formation of an ink droplet 84 as the tip of the liquid col- 
umn is separated (Fig. 25(d)). The ink droplet diameter 
is substantially equal to the thickness of the liquid col- 
umn thus formed and is smaller than the nozzle diame- 
ter. Thus it is possible to eject an ink droplet with a small- 
er diameter than the nozzle diameter by using such driv- 
ing method. 

[001 1] As described above, the meniscus control sys- 
tem enables the ejection of an ink droplet with a smaller 
diameter than the nozzle diameter. However, when such 
driving waveform as shown in Fig. 23 is used, the small- 
est diameter of the droplet that could actually be ob- 
tained was about 25^m, which is still not good enough 
to satisfy the need for higher image quality. 
[0012] Fig. 24 shows another driving waveform as a 
driving means for enabling the ejection of a smaller 
droplet. In this waveform shown in Fig. 24, a voltage fall 
73 draws the ink meniscus immediately prior to the ejec- 
tion. A subsequent voltage rise 74 compresses the vol- 
ume of the pressure chamber and thereby causes a liq- 
uid column to be formed. A voltage fall 75 separates a 
droplet from the tip of the liquid column at an early pe- 
riod. A voltage rise 76 suppresses the reverberations of 
the pressure wave remaining after the ejection of the ink 
droplet. In other words, the driving waveform of Fig. 24 
is based on the conventional meniscus control system 
in which a pressure wave control is incorporated for the 
early separation of the ink droplet and for the suppres- 
sion of the reverberations. This arrangement allows an 
ink droplet with a droplet diameter on the order of 20jim 
to be ejected in a stable manner. 

[0013] However, it was still difficult to eject an ink 
droplet with an ink diameter of 20^m or less easily even 
by using this improved driving waveform, and particu- 
larly an ink diameter of 15|im or less was impossible. 
Thus, there was no driving method that could achieve 
the ink diameter of 1 5jnm or less, which was required for 
image quality reasons. One of the biggest reasons for 
this was that in the conventional inkjet recording head, 
the ink droplet ejection was carried out by the pressure 
wave that was governed by the acoustic capacity of the 
pressure chamber. This reason will be explained in de- 
tail below. 

[0014] Fig. 26 shows the result of observation of ve- 
locity changes in the ink meniscus (particle velocity 
change) by a laser Doppler meter, the changes being 
caused when a driving waveform of Fig. 24 is applied to 
the piezoelectric actuator. As shown in the figure, the 
ink meniscus vibrates due to the pressure wave gener- 
ated in the pressure chamber. In the example of Fig. 26, 
the inherent period Tc of the pressure wave is 13 jxs, 
and pressure waves generated at the respective nodes 
of the driving waveform are superposed, resulting in a 
complex velocity change in the ink meniscus. 
[0015] The volume of the ejected ink droplet can be 
thought of as substantially proportional to the product of 
a shaded area defined by the initial positive half-cycle 
of the pressure wave of Fig. 26 and the area of the noz- 



zle opening. Namely, an estimate of the droplet diameter 
(drop volume) on the assumption that the ink is ejected 
from the nozzle with a positive rate (velocity in the di- 
rection out of the nozzle) and flies as an ink droplet cor- 
5 responds well with an actually measured droplet diam- 
eter (drop volume). Although when the meniscus control 
system is used, a liquid column which is thinner than the 
nozzle diameter is formed and therefore the effective 
nozzle opening area decreases, the relationship where 
10 the ink droplet volume is substantially proportional to the 
shaded area of Fig. 26 is still valid. Accordingly, in order 
to reduce the droplet diameter (drop volume), it is im- 
portant to reduce the area of the above-mentioned 
shaded portion. 
15 [0016] There are roughly two ways for the reduction 
of the shaded portion area. One sets the amplitude of 
the particle velocity small, as shown in Fig. 27. The other 
sets the period of the particle velocity vibration short, as 
shown in Fig. 28. The former method, by which the am- 
plitude of the particle velocity is set small, is difficult to 
implement in actual applications. This is because the 
drop velocity is substantially proportional to the average 
particle velocity of the shaded portion, and so if the am- 
plitude of the particle velocity is set small, the flying ve- 
locity (drop velocity) of the ink droplet drops significantly, 
which poses a problem in image recording. 
[0017] Accordingly, in order to perform a minute-drop 
ejection, the inherent period of the pressure wave must 
be set very small as shown in Fig. 28. Specifically, in 
order to eject an ink droplet with a droplet diameter of 
15|im at a drop velocity of 6m/s, the inherent period of 
the pressure wave must be set on the order of 3 to 5jis. 
[0018] However, it was very difficult to set the inherent 
period of the pressure wave at such small values in the 
conventional inkjet recording head. This was because 
of the fact that in order to obtain the inherent period on 
the order of 3 to 5u.s, the volume of the pressure cham- 
ber must be set very small and at the same time the 
rigidity of the walls forming the pressure chamber must 
be very high, as will be described later. Those meas- 
ures, however, are difficult to realize in the conventional 
head manufacturing method where the pressure cham- 
ber is constructed by stacking and bonding perforated 
board materials. 

[0019] Even if the above-mentioned conditions are 
met, the reduction in the limit ejection frequency of the 
ink droplet cannot be avoided. Specifically, while it is 
necessary to set the volume of the pressure chamber 
small in order to shorten the inherent period of the pres- 
sure wave, a certain area must be secured for the actu- 
ator unit for the application of displacements by the pi- 
ezoelectric actuator, which necessarily results in the 
pressure chamber having a flat shape. As a result, the 
flowpath resistance of the pressure chamber significant- 
ly increases, which in turn lengthens the refill time (the 
time for the returning of the ink meniscus after ejection), 
thereby making it difficult to repeat the ejection at a high 
frequency. 
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[0020] As explained above, the conventional Inkjet re- 
cording head had the disadvantage that it is unable to 
eject an ink droplet with such a droplet diameter as re- 
quired forthe significant improvement of the image qual- 
ity, namely a minute ink droplet with a droplet diameter 
on the order of 1 5jnm. 

SUMMARY OF THE INVENTION 

[0021] An object of the present invention is to provide 
a method of driving an inkjet recording head which is 
capable of ejecting an ink droplet with a droplet diameter 
of 15ujti or less without adversely affecting the ejection 
property in the high-frequency region and without requir- 
ing a specialized head manufacturing technology, and 
to provide an inkjet recording apparatus using such driv- 
ing method. 

[0022] Another object of the present invention is to en- 
able both high-quality and high-speed recording by en- 
suring a wide range of droplet diameter modulation 
when performing a grayscale recording by-modulating 
the droplet diameter of the ejected ink droplet in multiple 
levels. 

[0023] In order to achieve those objects, the present 
invention is directed to a method of driving an inkjet re- 
cording head having a pressure chamber filled with a 
liquid ink, said pressure chamber including an ink supply 
port for supplying the liquid ink and an ink nozzle for 
ejecting said ink in the form of at least one ink droplet, 
and an electro-mechanical transducer disposed such 
that a pressure wave is generated in said pressure 
chamber by applying a driving voltage in order to eject 
the ink droplet via said ink nozzle, said transducer hav- 
ing an inherent vibration period Ta, said method char- 
acterized in that: 

said driving voltage has a first driving voltage 
waveform, said first driving voltage waveform including 
consecutively a f irst waveform portion having a first time 
length t1 for contracting a volume of said pressure 
chamber and a second waveform portion having a sec- 
ond time length t2 for expanding the volume of said pres- 
sure chamber, said first and second time lengths t1 and 
t2 being set equal to or longer than the inherent vibration 
period Ta of said electro-mechanical transducer. 
[0024] An inkjet recording apparatus according to the 
present invention includes: an inkjet recording head in- 
cluding a pressure chamber having an ink supply port 
for supplying a liquid ink and an ink nozzle for ejecting 
the ink as at least one ink droplet, the pressure chamber 
being filled with liquid ink, and an electro-mechanical 
transducer disposed such that the ink droplet is ejected 
from the ink nozzle by the generation of a pressure wave 
in the pressure chamber by application of a driving volt- 
age, the transducer having an inherent vibrating period 
Ta; and 

a driving waveform generating circuit for generating 
one or more driving waveforms for the driving volt- 



age to be applied to the electro-mechanical trans- 
ducer, wherein: 

the driving waveform includes a first waveform por- 
tion having a first time length for the compression 

5 of the volume of the pressure chamber and a sec- 

ond waveform portion having a second time length 
for the expansion of the volume of the pressure 
chamber, the first and second time lengths being 
set equal to or longer than the inherent vibrating pe- 

w riod Ta of the electro-mechanical transducer. 

[0025] In accordance with the method of driving the 
inkjet recording head and the inkjet recording apparatus 
according to the invention, the electro-mechanical 

15 transducer element is actuated by a driving waveform 
having a rise time and a fall time which are shorter than 
the inherent vibrating period of the electro-mechanical 
transducer element, whereby a minute ink droplet hav- 
ing a diameter of 1 5u.m or less can be ejected from the 

20 ink nozzle and therefore the printing precision can be 
improved. 

BRIEF DESCRIPTION OF THE DRAWINGS 
25 [0026] 

Fig. 1 is an equivalent circuit diagram of the inkjet 
recording head in accordance with the principle of 
the present invention. 
30 Fig. 2 shows a part of the equivalent circuit of Fig. 1. 

Fig. 3 shows another part of the equivalent circuit 
of Fig. 1 . 

Fig. 4 shows another part of the equivalent circuit 
of Fig. 1. 

35 Fig. 5 is a chart showing the driving waveform of the 
driving voltage having a voltage rise portion for use 
in the invention. 

Fig. 6 is a chart showing the driving waveform of the 
driving voltage having a voltage rise portion and a 

40 voltage fall portion for use in the invention. 

Fig. 7 is another chart showing the driving waveform 
of the driving voltage having a voltage rise portion 
and a voltage fall portion for use in the invention. 
Fig. 8 is a graph showing the drop velocity at the 

45 nozzle portion against time in the case of the driving 
waveform of Fig. 5 having a larger rise time than the 
inherent period of the pressure chamber. 
Fig. 9 is a graph showing the drop velocity at the 
nozzle portion againsttime in the case of the driving 

so waveform of Fig. 5 having a smaller rise time than 
the inherent period of the pressure chamber. 
Fig. 10 is a graph showing the drop velocity at the 
nozzle portion againsttime in the case of the driving 
waveform of Fig. 6. 

55 Fig. 11 is a graph showing the drop velocity of the 
nozzle portion againsttime in the case of the driving 
waveform of Fig. 7. 

Fig. 12 is a block diagram of a configuration of the 
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driving circuit for the piezoelectric actuator. 
Fig. 13 is a block diagram of another configuration 
of the driving circuit for the piezoelectric actuator. 
Fig. 14 is an exemplary chart of the driving wave- 
form to be used in the method of driving the inkjet 
recording head according to an embodiment of the 
Invention. 

Fig. 15 is a graph showing the drop velocity at the 
nozzle portion actuated by the driving waveform of 
Fig. 14. 

Fig. 16 is a graph showing the relationship between 
the pressure rise time and the droplet diameter. 
Fig. 17 is another exemplary chart of the driving 
waveform to be used in the driving method for the 
inkjet recording head according to an embodiment 
of the invention. 

Fig. 18 is a graph showing the drop velocity along 
with time in the case of the driving voltage of Fig. 1 7. 
Fig. 19 is a chart showing a driving waveform to be 
used in the method of driving the inkjet recording 
head in another embodiment of the invention for 
producing a small ink droplet in accordance with an- 
other embodiment of the invention. 
Fig. 20 is a chart showing another driving waveform 
for use in the method of driving the inkjet recording 
head in accordance with another embodiment of the 
invention for producing a middle-size ink droplet in 
accordance with another embodiment of the inven- 
tion. 

Fig. 21 is a chart showing a driving waveform for 
use in the method of driving the inkjet recording 
head in accordance with another embodiment of the 
invention for producing a large ink droplet in accord- 
ance with another embodiment of the invention. 

PREFERRED EMBODIMENTS OF THE INVENTION 

[0027] Before describing the preferred embodiments 
of the present invention, the principle of the present in- 
vention will be described based on the result of theoret- 
ical analysis of the inkjet recording head by referring to 
a lumped-constant circuit model. 

[0028] Fig. 1 shows a circuit diagram of the general 
ink jet recording head as substituted by an equivalent 
electric circuit. In the figure, reference m designates an 
inertance [kg/m 4 ], reference r designates an acoustic re- 
sistance [Ns/m 5 ], reference c designates an acoustic 
capacitance [m 5 /N], and reference u designates a vol- 
ume rate [m 3 /s], and reference $ designates a pressure 
[Pa]. Indexes [0], [1], [2], and [3] designate the actuator 
unit, pressure chamber, ink supply path, and nozzle, re- 
spectively. 

[0029] In the conventional inkjet recording head, 
when a piezoelectric actuator that operates in a longitu- 
dinal vibration mode is used, the circuit of Fig. 1 can be 
thought of as consisting of the three circuits shown in 
Figs. 2-4. Fig. 2 shows a circuit relating to the actuator 
unit having a piezoelectric actuator and a vibrating plate. 



8 

Its inherent period Ta can be expressed by the equation: 



Ta = 2njm 0 c 0 . 

5 

[0030] The inherent period Ta of the circuit of Fig. 2 
can be considered as an inherent period of a bar with a 
fixed-end and a free-end longitudinally vibrating, and 
can be approximately determined by the equation: 

10 

15 where L is the length of the piezoelectric actuator, p p 
and Ep are density and coefficient of elasticity of the pi- 
ezoelectric actuator material, respectively. Ta is on the 
order of 1 -5^is in the conventional inkjet recording head. 
[0031] The partial circuit of Fig. 3 includes a pressure 

20 chamber referenced by an acoustic capacitance c1 of 
the pressure chamber. The pressure wave generated 
by the inherent vibrating mode within the pressure 
chamber is defined by the circuit of Fig. 3. Namely, in 
the conventional inkjet recording head, the ejection of 

25 the ink droplet is carried out by the pressure wave de- 
fined by this circuit. An inherent period Tc of the circuit 
of Fig. 3 is expressed by the equation: 



Tc = 2ti 2 3 -c1. 

[0032] Tc is on the order of 1 0-20|is in the convention- 
al inkjet recording head. 
35 [0033] Acoustic capacitance c1 of the pressure cham- 
ber is expressed by the equation: 



wherein W1 [m 3 ] is the volume of the pressure chamber, 
K[Pa] is the volume coefficient of elasticity of the ink, and 
K1 is a constant dependent on the rigidity of the pres- 

45 sure chamber wall. 

[0034] Thus, in order to decrease inherent period Tc, 
it is desirable to set volume W1 of the pressure chamber 
smaller and set the rigidity of the pressure chamber wall 
higher (set K1 larger). 

so [0035] The circuit of Fig. 4 is a circuit which is gov- 
erned by acoustic capacitance c3 by the surface tension 
of the ink meniscus and is related to the refill property. 
An inherent period Tm of the circuit of Fig. 4 is expressed 
by the following equation: 

55 

Tm = 2nJ(m 2 +m 3 )-c 3 . 



5 



9 



EP1 155 863 A1 



10 



[0036] Tm is on the order of 20-50|is in the conven- 
tional inkjet recording head. 

[0037] In the circuits of Figs. 2-4, the present inven- 
tion utilizes the properties of the circuits of Figs. 2 and 
3. In particular, while the conventional inkjet recording 
head utilized the properties of the circuit of Fig. 3 for the 
ejection of the ink droplet, the present invention uses 
the inherent vibration of the actuator unit (piezoelectric 
actuator) per se for the ejection of the ink droplet. 
[0038] Fig. 5 shows an example of a pressure (pres- 
sure wave) <(» within the pressure chamber shown in Fig. 
22 in proportion to the driving voltage. Figs. 8 and 9 each 
show a drop velocity v3 (particle velocity) at the opening 
of the nozzle related to the pressure wave of Fig. 5. Par- 
ticle velocity v3 is equal to the quotient when a volume 
velocity u3 is divided by the area of opening of the noz- 
zle. 

[0039] Fig. 8 shows the particle velocity in the inkjet 
recording head when rise time t1 of pressure <|> is set 
larger than inherent period Ta of the circuit, used in the 
method of driving the conventional inkjet recording 
head. Particle velocity v3 vibrates at an inherent period 
Tc. Thus, particle velocity v3 is defined only by the circuit 
of Fig. 3 in the conventional inkjet recording head. 
[0040] Fig. 9 shows particle velocity v3 of the inkjet 
recording head when rise time t1 of pressure (j> is set 
equal to or smaller than inherent period Ta of the actu- 
ator unit in accordance with the principle of the present 
invention. In this case, the inherent vibration of the ac- 
tuator unit of Fig. 2 is excited, and, as a result, the vi- 
bration of particle velocity v3 corresponds to the vibra- 
tion of inherent period Tc superposed with the vibration 
of inherent period Ta. In other words, by setting the rise 
time of pressure (j> equal to or smaller than inherent pe- 
riod Ta, the ink meniscus can be vibrated at the inherent 
period of the piezoelectric actuator per se. 
[0041] Referring to Fig. 6, there is shown the case 
where the pressure wave generated in the pressure 
chamber is trapezoidal in shape. In the figure, rise time 
t1 and fall time t2 are both set equal to or smaller than 
inherent period Ta of the circuit, and the time difference 
(t3) between the start time of voltage rise and the start 
time of voltage fall is set such that Ta/2 t3 Ta. As the 
pressure wave of Fig. 6 is generated in the pressure 
chamber, particle velocity v3 of the ink meniscus varies 
as shown in Fig. 10. In this case, the piezoelectric actu- 
ator is sharply elongated by a voltage rise portion 141 A 
of Fig. 6, and a voltage fall 142A for contracting the pi- 
ezoelectric actuator is applied in synchronism with the 
timing of contraction of the elongated piezoelectric ac- 
tuator by its own inherent vibration. As a result, the pi- 
ezoelectric actuator sharply contracts and particle ve- 
locity v3 returns to the position of Fig. 10 where v3=0 at 
a very quick timing. Thus, the area of the shaded portion 
corresponding to the initial positive half cycle of the par- 
ticle vibration becomes smaller than the shaded portion 
of Fig. 9, so that there can be obtained a favorable con- 
dition for the ejection of a small drop. 



[0042] When pressure <j> is made trapezoidal in shape 
as shown in Fig. 6, the initial positive half cycle of the 
particle velocity of Fig. 1 0 will contain a plurality of ridges 
as shown in Fig. 10. In this case, the area of the shaded 
5 portion may increase, i.e., the diameter of the ink droplet 
may increase, resulting in the creation of a satellite ink 
droplet and at the same time an unstable ejection may 
result. 

[0043] To prevent such a scenario, it is preferable to 

10 have such a variation of pressure $ as shown in Fig. 7. 
The pressure wave of Fig. 7 has its shaded portion 
formed by a single maximum point as shown in Fig. 11 
by setting the amount of pressure drop 142B greater 
than the amount of pressure rise 141 B. The single max- 

15 imum point permits a reduction of the area of the shaded 
portion, thereby allowing for a stable ink ejection. 
[0044] As explained above, the inherent period of the 
ink meniscus vibration can be greatly reduced by setting 
the rise/fall time of the driving waveform equal to or 

20 smaller than the inherent period Ta of the piezoelectric 
actuator and at the same time by setting time difference 
t3 between the rise start time and drop start time such 
that Ta/2 13 Ta. By so doing, the area of the shaded por- 
tion can be reduced as shown in Figs. 1 0 and 1 1 , where- 

25 by it becomes possible to eject a smaller drop than in 
accordance with the conventional driving methods. Fur- 
ther, by setting the voltage change amount of the drop 
portion largerthan the voltagechange amount of the rise 
portion, an even smaller ink droplet can be ejected. 

30 [0045] In the following, the present invention will be 
described by way of preferred embodiments. The prin- 
ciple of the invention was applied to a sample of the 
inkjet recording head having the basic structure of Fig. 
22. 

35 [0046] The sample of the inkjet recording head was 
produced by stacking and bonding a plurality of thin 
plates perforated by etching and the like. In the present 
embodiment, stainless plates with a thickness of 
50-75jjim were bonded by means of an adhesive layer 

40 (about 20\im in thickness) including a thermosetting res- 
in. Its head has a plurality of pressure chambers 61 ar- 
ranged in a direction perpendicular to the sheet of Fig. 
22. The pressure chambers 61 are connected by a com- 
mon ink chamber 63. The common ink chamber 63 is 

45 connected to an ink reservoir (not shown) and operates 
to guide ink to the respective pressure chambers 61 . 
[0047] Each of the pressure chambers 61 is commu- 
nicated to the common ink chamber 63 via an ink supply 
path 64, and the pressure chamber 61 is filled with ink. 

so Each of the pressure chambers 61 is also provided with 
a nozzle 62 for the ejection of ink. 
[0048] In the present embodiment, the nozzle 62 and 
the ink supply path 64 have an identical shape, with an 
opening diameter of 30 u.m, a hem diameter of 65jam 

55 and a length of 75^im, thus forming a tapered shape. 
The perforation was given by a press. 
[0049] The bottom surface of the pressure chamber 
61 has a vibrating plate 65, and the volume of the pres- 
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sure chamber can be increased or decreased by a pie- 
zoelectric actuator (piezoelectric vibrator) 66 as the 
electro-mechanical transducer mounted externally to 
the pressure chamber 61 . In the present embodiment, 
a nickel thin plate formed by electroforming is used for 5 
the vibrating plate 65. 

[0050] The piezoelectric actuator 66 was a stacked pi- 
ezoelectric ceramics. The shape of the driving column 
for the application of displacements to the pressure 
chamber 61 is 1 .1 mm in length (L), 1 .8mm in width (W) 
and 120^im in depth (along the direction perpendicular 
to the sheet of Fig. 22). The piezoelectric material used 
had a density p p of 8.0x1 0 3 kg/m3, and a coefficient of 
elasticity Ep of 68GPa. The measured inherent period 
Ta of the piezoelectric actuator per se was 1 .6^is. 
[0051] As the volume of the pressure chamber 61 is 
varied by the piezoelectric actuator 66, a pressure wave 
is generated in the pressure chamber 61 . The pressure 
wave moves the ink of the nozzle portion 62, whereby 
an ink droplet 67 is formed. In the present invention, in- 
herent period Tc of the head is 14|xs. 
[0052] Next, the basic configuration of the driving cir- 
cuit for driving the piezoelectric actuator will be de- 
scribed by referring to Figs. 12 and 13. 
[0053] Fig. 1 2 shows an example of the configuration 
of the driving circuit in the case where the diameter of 
the ejected ink droplet is fixed, i.e., there is no ink diam- 
eter modulation. The driving circuit shown in Fig. 12 in- 
cludes a waveform generating circuit 121, an amplifier 
circuit 122 and a switching circuit (transfer gate circuit) 
123 for driving a piezoelectric actuator 124. An driving 
waveform signal is generated and power-amplified, and 
then supplied to the piezoelectric actuator for driving the 
same, such that characters and images are printed on 
a sheet of recording paper. The waveform generating 
circuit 1 21 is composed of a digital-analog converter cir- 
cuit and an integrating circuit. It analog-converts the 
driving waveform data and then integrates the data in 
order to generate a driving waveform signal. The ampli- 
fier circuit 122 voltage- and current-amplifies the driving 
waveform signal supplied from the waveform generating 
circuit 121 and outputs the signal as an amplified driving 
waveform signal. The switching circuit 123 controls the 
on-off of the ink droplet ejection by applying the driving 
waveform signal to the piezoelectric actuator 1 24 on the 
basis of a signal generated from the image data. 
[0054] Fig. 1 3 shows an example of the configuration 
of the driving circuit in the case where the diameter of 
the ejected ink droplet is switched in multiple levels, i.e. 
an ink diameter modulation is carried out. The driving 
circuit of Fig. 13 inlcudes three kinds of waveform gen- 
erating circuits 131, 131 A and 131 B for modulating the 
droplet diameter in three levels (large, middle and 
small), respectively, and the individual waveforms are 
amplified by amplifier circuits 132, 132A and 132B, re- 
spectively. During recording, the driving waveform to be 
applied to the piezoelectric actuator 134 is switched by 
the switching circuit 133 based on the image data, such 
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that an ink droplet of a desired diameter can be ejected. 
[0055] It should be noted that the configuration of the 
driving circuit for driving the piezoelectric actuator is not 
limited to that of Fig. 12 or 13, and other configurations 
may be used. 

[0056] Fig. 1 4 shows an example of the driving wave- 
form generated by the driving circuit of Fig. 19 for the 
formation of an ink droplet with a diameter of about 
20p.m by using the Inkjet recording apparatus according 
to the embodiment of the invention. The driving wave- 
form has a rise time t1 (0.5jis) which is shorter than the 
inherent period Ta (1 .6jis), and a first rise portion 11 in- 
creasing from an initial voltage Vb (6 volts) to V2 (20 
volts) for contracting the pressure chamber. The wave- 
form further includes a first drop portion 12 which starts 
a t3 time after the start time of the first rise portion, has 
a fall time t2 (0.5 u,s) which is shorter than inherent pe- 
riod Ta, and drops from V2 to zero volt. The drop portion 
12 expands the pressure chamber. Furthermore, the 
waveform has a second rise portion 1 3 which starts a t4 
(14jis) after the end of the drop portion 12 and has a 
rise time t5 (30jns) for returning from zero volt to initial 
voltage Vb. By this arrangement, t3 satisfies Ta t3 Ta. 
[0057] Fig. 15 shows the result of observation of the 
movement of the ink meniscus by a laser Doppler meter 
when the driving waveform of Fig. 14 was applied. Dur- 
ing the observation, in order to measure the movement 
of the ink meniscus accurately, the application voltage 
was set low at 1/15, and the results of Fig. 15 indicate 
values obtained by multiplying the measured particle ve- 
locity by a factor of 15, in light of the fact that particle 
velocity v3 is proportional to the applied voltage. 
[0058] In Fig. 15, the ink meniscus vibrates where the 
vibration of inherent period Ta and the vibration of inher- 
ent period Tc are superposed. Since the piezoelectric 
actuator is contracted at the timing of t3=1*is, the initial 
maximum point returns to the point where v3=0 at a very 
early point of t=2ji s. Thus, the area of the shaded por- 
tion of the initial half cycle is very small, which is advan- 
tageous for the ejection of a minute drop. 
[0059] When an ejection experiment was actually 
conducted by using the sample head with the driving 
waveform of Fig. 1 4, it was observed that an ink droplet 
with a diameter of 21 ^m was ejected at a drop velocity 
of 5.5m/s. When the experiment was conducted by us- 
ing a driving waveform where t1 =t2=t3=2u,s>Ta, as in 
the conventional driving method, the minimum diameter 
of the minute drop that could be ejected was 2S\xm. 
[0060] Fig. 16 shows the results of observing changes 
in the droplet diameter as rise time t1 was varied, where 
fall time t2 was set such that t2=t1 , and time t3 was set 
such that t3=1jis when t1 1jis and t3=t1 when t1>1p.s. 
Applied voltages V1 and V2 were adjusted with respect 
to respective t1 such that the drop velocity was 6m/s. 
[0061] In Fig. 16, there can be seen a sharp change 
in droplet diameter at around t1=Ta where there is ob- 
viously a change in the ejection mechanism. In other 
words, while in the region where t1>Ta the ejection oc- 
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curs due to the ink meniscus vibration with inherent pe- 
riod Tc, in the region where t1 Ta, the ejection occurs 
due to the ink meniscus vibration with inherent period 
Ta. As will be seen from Fig. 16, the droplet diameter 
can be greatly reduced by using the driving method ac- 
cording to the present invention as compared with the 
conventional one. 

[0062] Fig. 17 shows an example of the driving wave- 
form used for the ejection of a minute drop with a droplet 
diameter 1 5|im or Jess in the above-mentioned inkjet re- 
cording head. The driving waveform of Fig. 17 includes 
a voltage fall 33 for meniscus control prior to a voltage 
rise 31. Thus, the driving waveform of Fig. 17 uses a 
driving method combining the ejection mechanism 
based on the inherent vibration of the piezoelectric ac- 
tuator per se with the meniscus control system. Accord- 
ingly, it is possible to eject an ink droplet with an even 
smaller droplet diameter than in the case of using the 
driving waveform of Fig. 14. 

[0063] The driving waveform of Fig. 1 7 includes a first 
drop portion 33 having af all time (t6=3jas) which is larger 
than inherent period Ta and smaller than inherent period 
Tc for dropping from an initial voltage Vb (40 volts) to V3 
(18 volts). The first drop portion 33 occurs a t7 time (4^s) 
earlier than a first voltage rise 31 which raises the volt- 
age by V1 . Such driving waveform makes it possible to 
combine the driving technique based on the inherent vi- 
bration of the piezoelectric actuator per se with the me- 
niscus control technique. 

[0064] Specifically, the first drop portion 33 has a fall 
time t6 (3|is) which is larger than inherent period Ta and 
smaller than inherent period Tc and expands the pres- 
sure chamber. The first rise portion 31 has a voltage rise 
V1 for contracting the pressure chamber and has a 
shorter rise time t1 (0.5pis) than inherent period Ta. The 
second drop portion 32 starts a t3 time (1ns) after the 
start of the first rise portion 31 , has a fail time X2 (0.5\xs) 
and expands the pressure chamber with a voltage 
change amount of V2 (36 volts) to bring the voltage to 
zero. The second rise portion 34 restores the voltage 
from zero back to initial voltage Vb and has a rise time 
(30ns). 

[0065] Fig. 1 8 shows the results of observation of the 
movement of the ink meniscus by a laser Doppler meter 
when the driving waveform of Fig. 17 was applied. Dur- 
ing the observation, the applied voltage was set low at 
1/15, and the results of Fig. 18 indicate values obtained 
by multiplying the actually measured particle velocity by 
a factor of 15. 

[0066] As shown in Fig. 18, when the driving wave- 
form of Fig. 17 is applied to the piezoelectric actuator, 
initially a negative particle velocity is generated by the 
voltage fall 33, by which the ink meniscus is drawn into 
the pressure chamber, resulting in an concave ink me- 
niscus. When a first voltage change process 31 is ap- 
plied, v3>0 and the ink meniscus is displaced towards 
the outside of the nozzle. Since the previous ink menis- 
cus was concave, a thin liquid column is formed at the 



center of the nozzle. According to the result of observa- 
tion of the state of drop ejection (strobe observation), 
the thus formed liquid column had a thickness of about 
15|im (about one half the nozzle diameter). 

5 [0067] After the formation of the liquid column, the 
second rise portion 32 is applied at a timing of Ta/2 t3 
Ta, whereby the pressure chamber quickly contracts 
and returns to v3=0 at a very early period. As a result, 
the area of the shaded portion of Fig. 18 becomes very 

10 small and results in a waveform which is advantageous 
to the ejection of a minute drop. 
[0068] When an ejection experiment was conducted 
by using the driving waveform of Fig. 1 7, it was observed 
that an ink droplet with a droplet diameter of 1 4u.m was 

15 ejected at a drop velocity of 6m/s. The reason that the 
droplet diameter decreased further than when the driv- 
ing waveform of Fig. 14 was used is that the meniscus 
control technique was used in combination. That is, it 
can be assumed that the use of the meniscus control 

20 resulted in an effect equivalent to the reduction of the 
nozzle diameter. When the experiment was conducted 
by using, for comparison, a driving waveform where 
t 1 = t2=t3=2|xs>Ta as in the conventional driving wave- 
form, the minimum diameter of the minute drop that 

25 could be ejected was 21 \i m. 

[0069] The purpose of setting the driving waveform of 
Fig. 17 set such that Ta<t6 Tc is to effect a stable ink 
meniscus shape control. If the setting is such that t6 Ta, 
there will occur the vibration of inherent period Ta even 

30 during the time interval of t t6+t7, causing such problems 
as a difficulty in accurately controlling the ink meniscus 
shape or an occurrence of unwanted ejection. Similarly, 
if the setting is such that t6>Tc, the change of particle 
velocity v3 during the time interval t t6+t7 will be com- 

35 plicated, thereby also making it difficult to accurately 
control the ink meniscus shape. In particular, a large 
property variability tends to occur in the case of a multi- 
nozzle head. 

[0070] Accordingly, it is desirable that time t6 is within 
40 the range Ta<t6 Tc, in which case there occurs no vibra- 
tion of inherent period Ta during the time interval t t6+t7, 
thus making it possible to control the ink meniscus 
shape in a stable manner. However, in the case of a sin- 
gle-nozzle head or other heads where a high uniformity 
45 can be ensured between the nozzles, the waveform may 
be set such that t6 Ta or t6>Tc. 

[0071] Figs. 19-21 show driving waveforms used for 
the modulation of the ejected ink droplet into three sizes 
of small, middle and large drop in the above-mentioned 

50 inkjet recording head. The small-drop waveform of Fig. 
19 is identical in shape to the driving waveform of Fig. 
17. The middle- and large-drop waveforms shown in 
Figs. 20 and 21 , respectively, have a rise time (t1 1 , t1 2) 
set larger than inherent period Ta of the circuit and for 

55 use with a driving method which does not involve the 
excitation of the inherent vibration of the piezoelectric 
actuator. 

[0072] The middle-drop driving waveform of Fig. 20 
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has a first drop portion 53A having a fall time t61 (3|xs) 
for the drop from the initial voltage to a voltage fall 
amount V3A, whereby the ink meniscus is made to as- 
sume a concave shape immediately before the ejection. 
After a first retaining time t71 (4|i s), the pressure cham- 5 
ber is compressed by a voltage rise 51 A with a rise time 
t11 (3jis) which is larger than inherent period Ta, fol- 
lowed by a second retaining time 13|is (t31-t11) which 
is larger than inherent period Ta. Thereafter the wave- 
form is returned back to initial voltage Vb (40V) by a sec- 10 
ond drop portion 52A with a fall time t21 (30|is). 
[0073] In the case of the large-drop driving waveform 
of Fig. 21, the pressure chamber is compressed by a 
voltage rise 51 B having a large rise time t12 (10u,s) fol- 
lowing the initial voltage, and then the voltage slowly re- 1$ 
turns back to initial voltage by way of a voltage fall 52B 
having a fall time t22 (30|is), thereby expanding the vol- 
ume of the pressure chamber. The driving waveform of 
Fig. 21 does not involve the drawing of the ink meniscus 
immediately prior to the ejection. 

[0074] Referring to Fig. 13, the driving waveforms for 
the small-, middle- and large-drops, respectively, were 
generated by individual waveform generating circuits 
(131, 131 A, 131B). By switching the waveforms to be 
applied to the piezoelectric actuator 134 based on the 
image data, a grayscale recording was performed. 
[0075] With the use of the driving waveforms of Figs. 
19-21, it was possible to eject a small-drop with a droplet 
diameter 14 |im at a drop velocity 6m/s, a middle-drop 
with a droplet diameter 28\im at a drop velocity 6.2m/s 
and a large-drop with a droplet diameter 41 jim at a drop 
velocity 7m/s, in each case with a driving frequency of 
10kHz. Thus it was possible to realize a wider drop-di- 
ameter modulating range of 14-41*im than in the prior 
art while maintaining a high driving frequency. 
[0076] It should be noted that the driving waveforms 
for the large-and middle-drops are not limited to the 
waveforms illustrated in the above embodiments and 
may employ other waveform shapes. For example, in 
the case of the large-drop driving waveform as well, the 
ejection stability can be improved by incorporating a 
voltage change process for making the shape of the ink 
meniscus slightly concave immediately before the ejec- 
tion. 

[0077] Also, while in the above embodiments the 
number of levels of drop-diameter modulation was three 
consisting of large, middle and small, the number of the 
drop-diameter levels may be more or less than 3 and 
still the present invention can be implemented. 
[0078] Further, as mentioned above, by using the 
ejection principle based on the inherent vibration of the 
piezoelectric actuator according to the present invention 
for the ejection of a minute drop in the inkjet recording 
head performing the drop-diameter modulation, and by 
using the pressure wave under the control of acoustic 
capacity c1 of the pressure chamber for the ejection of 
a larger-diameter drop as according to the conventional 
inkjet recording head, a very wide drop-diameter mod- 
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ulation range can be obtained, thereby making it possi- 
ble to realize both high-quality recording and high-speed 
recording at the same time. 

[0079] Although the invention was described above 
by way of preferred embodiments, those embodiments 
should not be taken as limiting the present invention. 
For example, while in the above embodiments t1 <t3 and 
there was the voltage retaining portion (flat portion) be- 
tween the first and second voltage change processes, 
it may be that t1 =t3, i.e., the driving waveform may have 
no constant voltage portion. 

[0080] Furthermore, while the driving waveform in the 
embodiments did not involve a compulsory suppression 
of reverberations after the ink droplet ejection, such a 
reverberation suppressing process as shown in Fig. 24 
may be incorporated. 

[0081] In the above embodiments, inherent period Ta 
of the piezoelectric actuator per se (actuator unit) was 
set at 1 .6 \is, but it may be set at other values. It is de- 
sirable, however, to set inherent period TA at 5\is or less 
if a minute ink droplet with a droplet diameter on the or- 
der of 15^m is to be ejected. 

[0082] Furthermore, while bias voltage (initial voltage) 
Vb was set such that the application voltage to the pie- 
zoelectric actuator was positive at all times in the em- 
bodiments, bias voltage Vb may be set at other voltages, 
e.g., zero V, provided a negative voltage can be applied 
to the piezoelectric actuator without any problems. 
[0083] While in the embodiments, the piezoelectric 
actuator included a longitudinal vibration-mode piezoe- 
lectric actuator with a piezoelectric constant d33, other 
types of actuators may be used, such as a longitudinal 
vibration-mode actuator with a piezoelectric constant 
d31 . In the embodiments, the stacked-type piezoelectric 
actuator was used, but the same advantages can be ob- 
tained by using a single plate-type piezoelectric actua- 
tor. If inherent period Ta can be set small enough, it is 
also possible to use a deflection vibration-mode piezo- 
electric actuator. 

[0084] While the embodiments employed such a Kai- 
ser-type inkjet recording head as shown in Fig. 22, the 
present invention can be applied in other inkjet record- 
ing heads with different structures, such as a recording 
head having a groove provided in the piezoelectric ac- 
tuator as the pressure chamber. Furthermore, the inven- 
tion can be applied in such inkjet recording heads that 
employ other types of electro-mechanical transducers 
than the piezoelectric electric actuator, such as actua- 
tors utilizing electrostatic force or magnetic force. 
[0085] Thus, in accordance with the method of driving 
the inkjet recording head and the inkjet recording appa- 
ratus using the method according to the present inven- 
tion, it is possible to eject a micro drop with a droplet 
diameter on the order of 1 5|im, so that the image quality 
can be greatly improved. 

[0086] In accordance with a preferred embodiment of 
the invention, the ejection of such micro drop is possible 
without setting the volume (W1) of the pressure cham- 
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ber small, whereby the ejection can be made at a high 
driving frequency without causing an increase in the re- 
fill time. 

[0087] In accordance with a further preferred embod- 
iment of the invention, the ejection principle taking ad- 
vantage of the inherent vibration of the piezoelectric ac- 
tuator in accordance with the invention can be used in 
combination with the conventional ejection principle that 
takes advantage of the pressure wave governed by the 
acoustic capacitance (c1) of the pressure chamber, so 
that there can be obtained a wide drop-diameter modu- 
lation range, making it possible to provide high-image 
quality and high-recording speed at the same time. 



Claims 

1 . A method of driving an inkjet recording head having 
a pressure chamber (61) filled with a liquid ink, said 
pressure chamber (61 ) including an ink supply port 
(64) for supplying the liquid ink and an ink nozzle 
(62) for ejecting said ink in the form of at least one 
ink droplet (67), and an electro-mechanical trans- 
ducer (66) disposed such that a pressure wave is 
generated in said pressure chamber (61) by apply- 
ing a driving voltage in order to eject the ink droplet 
(67) via said ink nozzle (62), said transducer (66) 
having an inherent vibration period Ta, said method 
characterized in that: 

said driving voltage has a first driving voltage 
waveform, said first driving voltage waveform in- 
cluding consecutively a first waveform portion (11, 
31, 51) having a first time length t1 for contracting 
a volume of said pressure chamber (61 ) and a sec- 
ond waveform portion (12, 32, 52) having a second 
time length t2 for expanding the volume of said 
pressure chamber, said first and second time 
lengths t1 and t2 being set equal to or longer than 
the inherent vibration period Ta of said electro-me- 
chanical transducer (66). 

2. The inkjet recording method according to claim 1, 
wherein an interval t3 between a start time of said 
first waveform portion (11, 31, 51) and the start time 
of said second waveform portion (12, 32, 52) satis- 
fies Ta/2^t3^ Ta. 

3. The inkjet recording method according to claim 1 or 
2, wherein a voltage change amount of said first 
waveform portion (11,31,51) is smaller than a volt- 
age change amount of said second waveform por- 
tion (12, 32, 52). 

4. The inkjet recording method according to any one 
of claims 1 to 3, wherein said first driving waveform 
further includes a third waveform portion (33, 53) 
before said f irst waveform portion (31 , 51), said third 
waveform portion (33, 53) drawing an ink meniscus 



at said ink nozzle (62) towards said pressure cham- 
ber (61). 



5. The inkjet recording method according to claim 4, 
5 wherein said third waveform portion (33, 53) ex- 
pands the volume of said pressure chamber (61). 

6. The inkjet recording method according to claim 5, 
wherein the pressure wave within said pressure 

10 chamber (61) has an Inherent vibration period Tc 



defined by an acoustic capacity of said pressure 
chamber, and wherein a time length t6 of said third 
waveform portion (33, 53) satisfies a relationship 
Ta^t6^c between said inherent periods Ta and Tc. 

15 

7. The method of driving an inkjet recording head ac- 
cording to any one of claims 1 -6, wherein the inher- 
ent vibration period Ta of said electro-mechanical 
transducer (66) is 5jxs or less. 

20 

8. The method of driving an inkjet recording head ac- 
cording to any one of claims 1-3, wherein said driv- 
ing voltage further has a second driving waveform, 
said second driving waveform including a third 

25 waveform portion (51 A, 51 B) having a third time 
length for contracting the volume of said pressure 
chamber (61) and a third waveform portion (52A, 
52B) having a fourth time length for expanding said 
pressure chamber (61 ), and wherein said third and 

30 fourth time lengths are longer than the inherent pe- 
riod Ta of said electro-mechanical transducer. 

9. An inkjet recording apparatus comprising: 

35 an inkjet recording head including a pressure 

chamber (61) filled with a liquid ink, said pres- 
sure chamber having an ink supply port (64) for 
supplying the liquid ink and an ink nozzle (62) 
for ejecting said ink in a form of at least one ink 

40 droplet (67), and an electro-mechanical trans- 

ducer (66) disposed such that a pressure wave 
is generated in said pressure chamber (61) by 
applying a driving voltage in order to eject the 
ink droplet (67) via said ink nozzle (62), said 

45 transducer having an inherent vibration period 

Ta; and 

a driving waveform generating circuit (121,131, 
132, 133) for generating one or more driving 
waveforms for the driving voltage to be applied 
so to said electro-mechanical transducer (66), 

said ink jet recording head characterized in 
that: 

said driving waveform includes a first 
driving waveform including consecutively a first 
55 waveform portion (11,31,51) having a first time 

length for contracting a volume of said pressure 
chamber (61) and a second waveform portion 
(12, 32, 52) having a second time length forex- 
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panding the volume of said pressure chamber 
(61), said first and second time lengths being 
set equal to or longer than an inherent vibration 
period Ta of said electro-mechanical transduc- 
er (66). 5 

10. An inkjet recording apparatus wherein said driving 
waveform includes a second driving waveform in- 
cluding consecutively a third waveform portion 

(51 A, 51 B) having a third time length for contracting 10 
the volume of said pressure chamber and a fourth 
waveform portion (52A, 52B) having a fourth time 
length for expanding the volume of said pressure 
chamber, said third and fourth time lengths being 
longer than the inherent vibration period Ta of said 15 
electro-mechanical transducer (66). 

11. The inkjet recording apparatus according to claim 9 
or 10, wherein said electro-mechanical transducer 
(66) includes a piezoelectric vibrator. 20 

12. The ink jet recording apparatus according to any 
one of claims 9 to 1 1 , wherein said electro-mechan- 
ical transducer (66) vibrates in a longitudinal vibra- 
tion mode. 25 
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Fig- 4 
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Fig- 12 
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Fig. 14 
Voltage v 









vi 




t 1 I 






V2 


13 . 

y 




Vb 




r 




0 












Time 


1 1 

t 3 


* 2 


t4 


t 5 



22 



EP 1 155 863 A1 



Fig. 15 



t 1 r 




> v w m o io o lo o 05 

<D E II 



o 

■H 
+J 
U 



23 



EP 1 155 863 A1 




24 



EP1 155 863 A1 



Fig. 18 




u 

•H 

a, 



25 



EP 1 155 863 A1 



Fig. 19 
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Fig- 22 
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Fig. 24 
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